Diverse aromatic compounds, arising in soil and water from origins in living plants, plant litter, or industrial processes, are degraded to common diphenolic intermediates, catechol and protocatechuate. Specific dioxygenases cleave these two phenolics, initiating the two branches of the ␤-ketoadipate pathway which funnel aromatic compounds into the tricarboxylic acid cycle (48) . The ability of members of the bacterial family Rhizobiaceae to catabolize numerous aromatic compounds via the catechol or protocatechuate branch of the ␤-ketoadipate pathway has been documented (6, 7, 26, 37, 38) . Remarkably, the protocatechuate branch of the pathway ( Fig. 1 ) appears to be universally distributed among members of this highly diverse bacterial group (21, 37) . Previous research has demonstrated the inducibility of enzymes of the ␤-ketoadipate pathway in fast-growing representatives of the family Rhizobiaceae and the constitutivity of most enzymes in slowly growing Bradyrhizobium species (38) .
As a multistep ensemble, peripheral to the heart of bacterial metabolism, the ␤-ketoadipate pathway provides a model system for studying the mechanisms of regulation and evolution of catabolic pathways. Its acquisition and maintenance in the face of different selection pressures might be expected to be mediated by diversification of gene organization and regulation. The regulation of ␤-ketoadipate pathway genes in many species of bacteria found in soil and water (8) and in fungal strains (3, 4, 24) has been explored. Indeed, patterns of inductive control vary widely among microbial species (48) , and a single induction pattern is rigorously conserved within each well-defined biological group (30) . One branch of alpha subdivision proteobacteria (49, 52, 56) is composed of species shown to be closely related by 16S rRNA homologies yet highly divergent in lifestyles. With plant pathogens, nitrogen-fixing plant symbionts, and animal pathogens among them, these diverse species are adapted to distinct niches and exposed to disparate selection pressures. As such, this group provides an apposite focal point for studies of the ␤-ketoadipate pathway.
Inductive control in two of these species, Rhizobium leguminosarum bv. trifolii and Agrobacterium tumefaciens, has been partially characterized. Neither the R. leguminosarum strain nor the A. tumefaciens strain studied possesses the catechol branch of the pathway, although certain strains within each group have it. In R. leguminosarum bv. trifolii, the tricarboxylic acid ␤-carboxy-cis,cis-muconate induces at least two enzymes of the pathway, the decarboxylase and the hydrolase, while ␤-ketoadipate induces the transferase ( Fig. 1) (39) . In A. tumefaciens, at least three genes for the hydrolase and the oxygenase are under the control of an activator that binds ␤-carboxy-cis,cis-muconate (34) . The pcaQ gene, which encodes the activator, is adjacent to the pcaD gene for the hydrolase. In this paper, a previous study which defined pcaQ from A. tumefaciens (34) has been broadened to elucidate the physical map and genetic regulation of the entire protocatechuate pathway, excluding the thiolase.
MATERIALS AND METHODS
Screening of mutant strains and recombinant plasmids. Table 1 lists the strains and plasmids used in this study. Escherichia coli S17-1 carrying pSUP1021 (46) was conjugated with A. tumefaciens A348 to introduce transposon Tn5. Recombinant mobilizable pUC plasmids (32) were conjugated from strain S17-1 to nontransformable Enterobacter aerogenes pca mutant strains and A. tumefaciens mutants, as previously described (34) . In Enterobacter aerogenes, these plasmids replicated to high copy numbers; in A. tumefaciens, they did not replicate unless they had become integrated into the chromosome. Mutant A. tumefaciens strains were plated onto minimal medium (37) , with a mixture of quinate (at 5 mM) and arabinose (at 0.4 mM) as the carbon source. Enterobacter aerogenes transconjugants were screened on the same minimal medium, with 2.5 mM p-hydroxybenzoate or 10 mM succinate as the carbon source. For A. tumefaciens and Enterobacter aerogenes, kanamycin concentrations were 100 and 30 g ml Ϫ1 , respectively. A spectinomycin concentration of 125 g ml Ϫ1 was used with A. tumefaciens. Plasmids were maintained in E. coli strains with 100 g of ampicillin ml Ϫ1 , 30 g of kanamycin ml
Ϫ1
, and 40 g of spectinomycin ml Ϫ1 (with 20 g of streptomycin ml
). Standard techniques of molecular biology were used for cloning, plasmid manipulations, and Southern hybridization (1, 43) . Plasmid pARO527 was constructed by removing a SphI fragment from pARO523, filling in the ends with T4 polymerase, and replacing the SphI fragment with the omega element isolated from pHP45⍀ with SmaI.
An agrobacterial pca gene probe was labeled with digoxigenin-11-dUTP by the random primed method and hybridized to agrobacterial genomic DNA according to the protocol provided by the Boehringer Mannheim Corporation (Indianapolis, Ind.). Dideoxy chain termination sequencing reactions (44) with 35 SdATP were used to determine the nucleotide sequences at the ends of some subcloned agrobacterial DNA fragments.
Construction of a pcaC::⍀ strain of A. tumefaciens. Early in the course of this work, an ⍀ element was introduced into the HincII site which was later determined to be within pcaC. The plasmids used for this purpose were derived from pARO46. A SmaI-HpaI deletion removed most of Tn5 from the end of pARO46, making pARO503. The 2.0-kb ⍀ element from pHP45⍀ was isolated as a SmaI fragment and ligated into the HincII site of pcaC in pARO503, making pARO504. The 8.95-kb SalI-EcoRI insertion of pARO504 was transferred to the mobilizable pUC19 derivative, pARO191, to create pARO505. The pARO505 suicide vector was introduced into A. tumefaciens A348 by conjugation, and cells were plated onto minimal medium, with succinate as the carbon source and spectinomycin. One of the colonies that was Spc r but sensitive to Km was purified and further studied as strain ADO2043. This strain failed to grow with 10 mM quinate as the carbon source, with a reversion frequency of less than 10
Ϫ9
. The 2.3-kb XhoI-EcoRI insertion of pARO144 was transferred to the SalI-EcoRI sites of pARO191, making pARO500. Following conjugation, this plasmid complemented the mutation in ADO2043 and provided verification that the ⍀ element was inserted in the region targeted.
Growth of cells and enzyme assays. A. tumefaciens cells were grown overnight at 30ЊC after a 5-ml culture had been inoculated into 150 ml of minimal medium, and extracts were prepared for enzyme assays as described previously (38) . Carbon sources were arabinose at 10 mM, quinate at 5 mM, and adipate at 30 mM. The hydroaromatic compound quinate was used as an inducing carbon source because it is not toxic to cells (37) . A. tumefaciens does not grow at the expense of adipate, ␤-ketoadipate, or ␤-carboxy-cis,cis-muconate (37). Expression of genes on plasmids in E. coli was achieved by inoculating 40 ml of Luria broth (LB) medium (45) with 10 ml of an overnight culture and incubating cells in the presence or absence of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 37ЊC for 4 h.
Published spectrophotometric assays were used to measure the following enzyme activities: protocatechuate 3,4-dioxygenase (EC 1. 
RESULTS
Characterization of transposon Tn5 mutant strains of A. tumefaciens and cloning of DNA sequences bearing Tn5 from them. As reported previously (34), a Tn5 mutant strain, ADO2033, expressed low levels of all of the enzymes of protocatechuate catabolism. Cloning of the Km r determinant of Tn5 from this strain led to recovery of a 13-kb EcoRI fragment in which Tn5 was inserted 0.1 kb from a PstI site upstream of the pcaD gene (34) (Fig. 2B) ; the pUC18 plasmid with this insertion was pARO14 (Fig. 2C) . It was concluded that this transposon affected expression of pca genes by virtue of being in the region between pcaD and the regulatory gene pcaQ (34) .
Another Tn5 mutant strain, ADO2031, which failed to grow on protocatechuate had negligible levels of transferase and normal levels of all of the other enzymes of the ␤-ketoadipate pathway when it was grown in the presence of quinate (Table 2). Cloning of the Km r determinant from ADO2031 led to isolation of a 13-kb EcoRI fragment with Tn5 located 0.2 kb from one end (Fig. 2B) ; the pUC18 plasmid with this insertion was pARO46 (Fig. 2C) . It was clear from restriction mapping and subcloning of pcaD (34) that the 7.2-kb segments of agrobacterial DNA isolated in pARO14 and pARO46 were the same.
A third Tn5 mutant strain, ADO2035, was pleiotropically negative for all enzymes of the ␤-ketoadipate pathway ( Table  2) . A 13-kb EcoRI fragment containing Tn5 in a pUC18 plasmid was isolated as pARO53. Restriction mapping revealed that Tn5 was located near a unique XhoI site within the pcaD gene defined below (Fig. 2B) . A previously described Tn5 mutant strain, ADO2032, was mutated in pcaHG (34) . In the course of further analysis, it became apparent that Tn5 was not situated in the pca genetic region in ADO2032 but had likely been transposed from the pcaHG site to another area of the genome. Apparently, excision of Tn5 from pcaHG resulted in a mutation in that region.
Cloning of pcaDC. A previous report described pARO144, which contained a 2.6-kb PstI-EcoRI fragment which expressed ␤-ketoadipate enol-lactone hydrolase (PcaD) activity (34) . In pARO144, the PstI site is oriented proximal to the lac promoter of pUC19 (Fig. 3 ). The addition of IPTG to growth medium elicited a great increase in expression of the pcaD gene (34) ( Table 3 ). Further studies revealed that plasmid pARO144 also contains the pcaC gene, which responded similarly to IPTG induction (Table 3) . Inversion of the PstI-EcoRI insertion in pARO144 relative to the lac promoter and growth of cells carrying the resultant plasmid, pARO145, in the presence of IPTG yielded levels of PcaD and ␥-carboxymuconolactone decarboxylase (PcaC) that were 5 and 7% of the in- This study duced levels found with pARO144, respectively. Thus, the direction of transcription of these two genes is from the PstI site toward the EcoRI site (Fig. 3) . Enzyme activities encoded by pcaHG or pcaB were not measurable in E. coli(pARO144) cells. A 1.05-kb PstI-HincII subclone in pARO191, pARO156 (Fig. 3) , complemented Enterobacter aerogenes pcaD mutant DEA3 (34), but it did not complement pcaC mutant DEA6, indicating that pcaC extends beyond the HincII site. The fact that a PstI-HindIII subclone of pARO144 in pUC18, pARO148 (Fig. 3) , still expressed PcaC, albeit at a very low level, indicated that the pcaC gene is directly downstream of pcaD. In Acinetobacter calcoaceticus, pcaD and pcaC encompass about 0.8 and 0.4 kb, respectively (15, 17) . It is likely that the 1.3-kb PstI-HindIII insertion of pARO148 contains little more than the pcaDC genes. Downstream effects of a Tn5 mutation in pcaD. As mentioned above, the transposon in strain ADO2035 was cloned on an EcoRI fragment and was shown to map in the pcaD gene. The pleiotropic nature of the ADO2035 mutation (Table 2) is probably caused by the polar effect of Tn5 on the expression of genes distal to its insertion site in an operon. It was previously found that pcaQ controlled expression of at least the pcaH, pcaG, and pcaD genes (34) . The finding that pcaC is downstream of pcaD and, along with the other pca genes, is not expressed in ADO2035 leads to the conclusion that the pcaDC, pcaH, and pcaG genes are organized in an operon under unified transcriptional control and confirms that the direction of transcription is away from pcaQ. Cloning and mapping of the pcaHG and pcaB genes. The evidence discussed above indicated that pcaH, pcaG, and possibly pcaB are downstream of pcaDC. The transposon in strain ADO2035 was oriented with the Km r determinant distal to the beginning of pcaD. Consequently, SalI digestion of chromosomal DNA from strain ADO2035 and ligation to pUC18 were performed, resulting in isolation of an 8.3-kb Km r fragment contiguous to the pca genes (pARO56; Fig. 2C and 4A) . The 4.6-kb agrobacterial HindIII-PstI region from pARO56 was ligated to pARO190, creating pARO523 (Fig. 4A) . Assays of E. coli JM109(pARO523) cells revealed a low level of protocatechuate 3,4-dioxygenase (PcaHG) activity and a high level of lactonizing enzyme (PcaB) activity when cells were grown in the presence of IPTG (Table 3) . When a SphI deletion subclone, pARO527 (Fig. 4A) , was analyzed, the PcaHG level was unchanged, while the PcaB activity was greatly reduced but still measurable, indicating that the end of the pcaB gene had been truncated (Table 3) . Thus, the gene order is pcaDC(HG)B. The pcaHG genes from Acinetobacter calcoaceticus occupy about 1.36 kb (15), while the pcaB gene from Pseudomonas putida encompasses 1.05 kb (51) . Assuming similar sizes for the genes from A. tumefaciens, pcaB is contiguous to pcaH and pcaG, with no space for an additional gene between them.
Order of transcription of pcaH and pcaG. Two nonidentical ␣ and ␤ subunits are found in equal amounts in PcaHGs from diverse bacteria. The pcaH and pcaG genes encode the ␤ and ␣ subunits, respectively. Sequencing was used to determine the order of these genes in A. tumefaciens. Nucleotides at the EcoRI end of the insertion in pARO144 (Fig. 3) and the HindIII end of the insertion in pARO523 (Fig. 4) were sequenced. Alignment of the translated partial sequences at the beginning and near the end of these two genes with the pcaHG genes of Acinetobacter calcoaceticus (15) and P. putida (14) revealed that the gene order in A. tumefaciens is also pcaHG (Fig. 5A) .
It had seemed possible that PcaHG activity was low in pARO523 and its derivative (Table 3) because the HindIII site proximal to the lac promoter is internal to the beginning of the dioxygenase gene. However, sequencing showed that the pcaH gene begins 63 nucleotides beyond the HindIII site (Fig. 5A) . Since the LB medium used for growth of E. coli cells may be low in iron, compared with minimal medium (33) , and Fe(III) is present in the active site of the dioxygenase (27, 41) , it was conceivable that poor expression of the oxygenase was due to insufficient iron in the medium. When JM109(pARO523) cells were grown in the presence of 1.5 mM ferric chloride, however, the specific activity of the oxygenase was unchanged (data not shown).
Disproportionately low PcaHG activity, relative to the level of PcaHG protein produced, was noted for cloned Acinetobacter calcoaceticus pcaHG genes expressed in E. coli (10) . Very low levels of PcaHG were also observed when the expression of cloned P. putida pcaHG genes was driven by the lac, tac, or T7 promoter in E. coli (14) . In this system, high-level expression was achieved only when pcaHG was under the control of the strong Pseudomonas nahG promoter in a pseudomonad background. Frazee et al. speculated that low-level expression in E. coli was due to the high (62%) GϩC contents of the Pseudomonas genes or to a divergent pattern of codon usage, resulting in codon bias (14) . Since A. tumefaciens genes have similarly high GϩC contents and PcaB is expressed well from the same transcript of pARO523 in E. coli, it seems unlikely that GϩC content accounts for poor expression. Codon bias is a possible explanation for an effect on translation, but it might be expected to affect expression of other pca genes in E. coli as well, which it doesn't appear to do. The fact that the same effect is observed in three different systems points to the possibility that a chaperonin is involved in PcaHG   FIG. 3 . Subclones used to analyze the pcaDC region, aligned beneath the Tn5-containing EcoRI clone containing 7.2 kb of agrobacterial DNA. The arrows, Tn5 symbol, and restriction enzyme abbreviations are described in the legend to Fig. 2 . assembly or modifying enzymes are required for effective insertion of Fe(III). The latter possibility was discounted somewhat by the finding that P. putida pcaHG under the control of the nahG promoter was expressed in Pseudomonas mirabilis, which lacks pcaHG genes (14). However, it is possible that this strain has a protein(s) that functions in PcaHG assembly. Evidence that pcaB is in the operon controlled by PcaQ. In addition to the physical map of the pca genes which reveals tight linkage between pcaB and pcaG, two lines of evidence indicate that pcaB is part of the pcaDCHG operon. ADO2044, a pcaQ::⍀ strain, reverts at a frequency below 10 Ϫ9 (34). ADO2048, a derivative of ADO2044, grows slowly at the expense of quinate. It retains the Spc r phenotype encoded by the ⍀ element and is presumed to be a pseudorevertant. When this strain was grown on arabinose in the absence of an aromatic precursor, the enzymes encoded by pcaD, pcaHG, and pcaB FIG. 4 . Subclones used to analyze the pcaHGB and pcaIJ regions, aligned beneath the following cloned SalI fragments: pARO56 (A) and pARO49 (B). The arrows and restriction enzyme abbreviations are described in the legend to Fig. 2 , with the addition of N for NcoI. were expressed constitutively at low levels ( Table 2 ; PcaC was not assayed). One mechanism that compensates for a truncated activator gene is a secondary mutation that affects the promoter of a gene controlled by the activator. The fact that pcaB shares a low-level constitutive phenotype with pcaD suggests that these two genes have a promoter in common. In support of this hypothesis to account for expression of pca gene products in the absence of PcaQ, it should be noted that the ADO2048 mutation which allows slow growth on quinate does not act in trans. A broad-host-range plasmid containing a pcaD::lacZ fusion, driven by the agrobacterial pcaD promoter, but no pcaQ gene was introduced into the parental strain A348, pcaQ strain ADO2044, and strain ADO2048. When cells were grown in the presence of quinate, the levels of LacZ expression in ADO2044 and ADO2048 carrying the pcaD:: lacZ fusion plasmid were similar, 2 to 3% of the level observed with A348 cells harboring this plasmid (35) . A second line of evidence comes from strain ADO2043. This strain is pleiotropically negative for all enzymes of the ␤-ketoadipate pathway, except PcaD, because of the ⍀ transcription-translation terminator in pcaC and its downstream effect on pcaHG (Table 2) . Although this strain expresses PcaHG and PcaB poorly, enough inducer accumulates to fully induce PcaD. The PcaC step occurs at a low rate spontaneously. However, apparently not enough of the substrate of PcaC, ␥-carboxymuconolactone, accumulates and is converted to downstream metabolites to effect induction of PcaIJ. Given that PcaD is fully inducible in ADO2043 and PcaB is not induced by FIG. 5 . Partial nucleotide and deduced amino acid sequences of A. tumefaciens pcaHG and pcaIJ that were used to determine gene order. (A) The top line is the nucleotide (nt) sequence of A. tumefaciens pcaH (At pcaH) (determined from the HindIII site of the coding strand of pARO523). The nt sequence is continued on the next line. A putative ribosome-binding site (rbs) for PcaH is underlined. Translation of the nt sequence into three reading frames revealed only one with homology to other PcaH sequences. This deduced amino acid sequence is under the nt sequence. Beneath the A. tumefaciens sequences lies the alignment of its translated amino acid sequence (At PcaH) with homologous stretches from P. putida (Pp PcaH; residues 1 to 33 of the complete sequence) and Acinetobacter calcoaceticus (Ac PcaH; residues 1 to 33 of the complete sequence). Vertical lines mark residues that are identical in the A. tumefaciens sequence and at least one other sequence. Gaps introduced in the sequences are marked with a dash. Under the PcaH sequences is an analogous presentation of pcaG (whose sequence was determined from the noncoding strand of the EcoRI site of pARO144). (B) Similar presentation of the pcaI and pcaJ sequences (determined from the noncoding strands of the EcoRI site of pARO61 and the NcoI site of pARO60, respectively). Published sequences were the sources of data for Acinetobacter calcoaceticus (15, 23) and P. putida (14, 31) .
␤-ketoadipate, as discussed below in the analysis of PcaIJ regulation, the lack of pcaB expression in both ADO2044 and ADO2043 can be explained by the fact that it is in the same operon and downstream of the ⍀ element in pcaC.
Regulation of ␤-ketoadipate succinyl-CoA transferase in A. tumefaciens. The enzyme catalyzing the transfer of CoA from succinyl-CoA to ␤-ketoadipate has two nonidentical subunits, encoded by pcaI and pcaJ (previously termed pcaE [28] ). A study of pca gene regulation in R. leguminosarum bv. trifolii found that the transferase (PcaIJ) was induced by ␤-ketoadipate or its CoA derivative (39) . In A. tumefaciens A348 as well, adipate, a nonmetabolizable analog of ␤-ketoadipate (36), induced PcaIJ, but not PcaB (Table 2) . When pcaIJ mutant strain ADO2031 was grown in the presence of adipate, no PcaIJ activity was present (Table 2 ), eliminating the possibility that adipate induced a separate adipate transferase activity with broad specificity (18) . In light of the failure of adipate to support any growth, it is unlikely that it is metabolized. Therefore, it is probably safe to assume that ␤-ketoadipate is the inducer of PcaIJ.
When pcaQ::⍀ strain ADO2044 was grown at the expense of arabinose in the presence of adipate or quinate, a high level of transferase was present ( Table 2 ), indicating that a different regulatory gene(s) governs the pcaI and pcaJ genes. Although growth of strain ADO2044 at the expense of quinate is not leaky, there appears to be enough of a trickle of catabolites to induce the transferase. This contrasts with pleiotropically negative pcaD mutant strain ADO2035 and pcaC mutant strain ADO2043 ( Table 2) .
Cloning of the pcaIJ genes from A. tumefaciens. The enzyme catalyzing the transfer of CoA from succinyl-CoA to ␤-ketoadipate has two nonidentical subunits, encoded by pcaI and pcaJ. In transposon mutant ADO2031, which lacks transferase activity, Tn5 was located 0.2 kb from the end of the cloned 13-kb EcoRI fragment. To verify that both pcaI and pcaJ were indeed located at that position and to determine gene order, wild-type genes were cloned. The source of chromosomal DNA for cloning was Tn5 mutant ADO2033. In this strain, the transposon neighbors the pcaD gene, with the Km r gene of Tn5 oriented proximal to the pcaI and pcaJ genes (Fig. 2B) . Following SalI digestion of ADO2033 chromosomal DNA and ligation to pUC19, a clone bearing the Km r marker, pARO49, was isolated ( Fig. 2C and 4B ). Subclone pARO50 placed the transferase genes in the opposite orientation from pARO49 relative to the lac promoter (Fig. 4B) .
Deletion subclones pARO60 and pARO61 (Fig. 4B ) were constructed to localize the pcaI and pcaJ genes. The P. putida and Acinetobacter calcoaceticus pcaIJ gene sequences have been determined and are about 1.4 kb in size (23, 31) . Sequencing of the EcoRI end of the insertion in pARO61 and translation of the nucleotide sequence revealed an open reading frame with homology to PcaI of P. putida (31) (Fig. 5B) . Sequencing and translation of the nucleotides at the NcoI end of the insertion in pARO60 revealed homology to PcaJ of P. putida (31) (Fig. 5B) . In both cases, the direction of transcription was opposite of that for the pcaDCHGB operon. The results of enzyme assays of subclones were consistent with the sequencing results. When the lac promoter was located to the right of the pcaIJ genes, as depicted in Fig. 4B , pARO50 expressed transferase activity in the presence of IPTG but not in its absence; pARO49 expressed no activity (Table 3) . Neither pARO60 nor pARO61 enabled E. coli cells to express transferase activity in the presence of IPTG (data not shown).
Verification of the size of the 13.5-kb SalI fragment. The map of an approximately 13.5-kb pca genetic region of the A. tumefaciens A348 genome between two SalI sites ( Fig. 2A) was pieced together from clones of the central 7.2-kb EcoRI fragment and of overlapping flanking regions. An independent determination of the size of the SalI fragment employed Southern hybridization. A 0.8-kb digoxigenin-labeled probe was derived from a sequenced, exonuclease III-treated deletion plasmid which carries exclusively most of pcaQ (35) . By this method, the size of the SalI region containing the pca genes was 13.5 kb. It should be noted that sequencing has revealed other SalI sites that are resistant to cleavage within the 13.5-kb region.
Accumulation of protocatechuate in different mutant strains. p-Toluidine has been shown to be a sensitive chromogenic indicator for the presence of protocatechuate and other diphenolics (33) . Incorporation of p-toluidine along with the aromatic precursor p-hydroxybenzoate into solidified medium revealed that all A. tumefaciens strains with mutations in pcaC, pcaD, pcaHG, or pcaQ exhibit accumulation of protocatechuate, whereas those with wild-type pca genes or the pcaIJ mutation do not.
DISCUSSION
Value of molecular genetics in determining pca mutant loci in A. tumefaciens. Transposon mutagenesis is a commonly used, effective tool for introducing mutations into genes. Transposon Tn5 frequently causes polar mutations and has been widely used to determine the genetic organizations of different operons (9) . Because of the particular genetic organization and regulation of the pca pathway in A. tumefaciens, a transposon Tn5 mutation in pcaD, pcaC, or pcaHG has the same pcaD-CHGB phenotype as a mutation in pcaQ. All of them result in accumulation of protocatechuate and might be mistaken for a mutation in one of the genes encoding the dioxygenase or in a regulatory gene. Molecular genetic techniques were required to elucidate the Tn5 mutant loci in pca genes as well as the role of pcaQ.
Evidence for a common origin of pca genes. For this study, a small amount of nucleotide sequencing was performed to order the pcaIJ and pcaHG genes. Although limited in scope, this sequencing revealed homologies between the agrobacterial genes and those from other species. Analysis of the four gene segments in Fig. 5 reveals that at both the amino acid and nucleotide levels, the percentage of identity between aligned residues of the A. tumefaciens sequences and those from P. putida or Acinetobacter calcoaceticus is close to or greater than the level of identity shared by the latter two species' sequences.
In addition to sequence homologies, a common element in the chromosomes of Pseudomonas cepacia, P. putida, and Acinetobacter calcoaceticus is the same order of transcription for pcaHG (14, 15, 57) . The latter two species have been shown to have the same order for pcaIJ (16, 23, 31) and pcaBDC as well (20, 23) . In A. tumefaciens, the order of pcaHG and that of pcaIJ are the same, while the pcaB gene has been subject to rearrangement, relative to pcaDC from P. putida and Acinetobacter calcoaceticus. Conservation of the tight linkage and order of transcription of pcaHG, pcaIJ, and pcaDC suggests that each of these gene pairs has evolved as a unit of selection. The order, pcaDCHG, found in A. tumefaciens is the same as that in Acinetobacter calcoaceticus; however, in Acinetobacter calcoaceticus, pcaK, encoding a membrane-associated protein, is sandwiched between pcaD and pcaC (23) . If the genes evolved contiguously in the genome of a common ancestral line, the ancient proteobacterial gene order may have been pcaDCHG.
Regulation of pca genes in diverse bacteria. Numerous genetic strategies have evolved to regulate the protocatechuate branch of the ␤-ketoadipate pathway in different microbes (24, 38, 39, 48) . Elucidation of the induction pattern in A. tumefaciens enables it to be compared with those of other species. Most species outside of the family Rhizobiaceae utilize either protocatechuate or ␤-ketoadipate as an inducer of the majority of pca enzymes. Figure 1 shows the different control mechanisms that have been unambiguously identified in Acinetobacter calcoaceticus, fluorescent pseudomonads, and A. tumefaciens. Coordinate regulation of all of the pca genes by protocatechuate in A. calcoaceticus (5) contrasts with the induction pattern in the fluorescent pseudomonad P. putida (30) . In the latter species, only the dioxygenase is induced by protocatechuate, with ␤-ketoadipate playing a large role in inducing the rest of the pathway (36) . The fluorescent pseudomonads and Acinetobacter spp. have been shown to be closely related, as measured by 16S rRNA sequence homology, sharing the same branch in the gamma subdivision of proteobacteria (53) . Given the strong evidence for the evolutionary relatedness of these two groups, it is surprising that the regulatory controls for their chromosomal pca genes are so different. These divergent regulatory mechanisms may be the result of three interacting factors: stepwise dispersal of genes for the pathway in P. putida by incorporation of plasmid DNA fragments and/or by transposition (19) , acquisition of new regulatory molecules, and different nutritional selective pressures (30) .
Our studies have shown an identical, novel induction pattern, unique among the numerous microbes that have been studied, in the closely related bacteria A. tumefaciens and R. leguminosarum. In both species, ␤-carboxy-cis,cis-muconate induces enzymes for the upper part of the pathway, and ␤-ketoadipate induces the transferase. In P. putida, the pcaIJ genes are controlled by the ␤-ketoadipate-binding activator encoded by pcaR (20, 42) . Cloning and characterization of pcaIJ with its upstream region afford the opportunity to study whether a pcaR homolog functions in A. tumefaciens as well.
Evolution of cat and pca genes in R. leguminosarum and A. tumefaciens. Assuming that there is a common origin of the protocatechuate pathway in R. leguminosarum and A. tumefaciens, the presence of the catechol pathway in certain strains of both groups (6, 37) raises questions about the evolution of that branch of the pathway. If the catechol branch was acquired early in the evolution of this group, it may have been deleted in the evolution of many bacterial strains. In this case, strains that cannot grow at the expense of catechol may possess remnants of the pathway. Clearly, the selective pressure for maintenance or acquisition of cat genes was not as intense as that for pca genes in strains belonging to the family Rhizobiaceae (37) . In light of the lack of conservation of the cat genes, it is intriguing that the pca genes continue to be conserved.
Supraoperonic clustering of pca genes. The physical map of the pca genetic region of A. tumefaciens ( Fig. 2A) shows that the pca structural genes are organized in two discrete regions about 4 kb apart which are transcribed divergently. Between these two operons lies the pcaQ regulatory gene. The clustering of genes with related functions into noncontiguous groups has been termed supraoperonic clustering (50) . Supraoperonic clustering of aromatic catabolic genes has been found in Acinetobacter calcoaceticus and P. putida. In the former species, the pca genes are in a single operon, with the p-hydroxybenzoate catabolic genes about 10 kb away (2) and the quinate catabolic genes in the intervening region (13) . It is striking that in contrast to the situation in A. tumefaciens, the structural genes for quinate, protocatechuate, and p-hydroxybenzoate utilization are transcribed in the same direction in Acinetobacter calcoaceticus. Mapping of the Pseudomonas aeruginosa and P. putida chromosomes (19) has revealed that four genetic loci for dissimilation of p-hydroxybenzoate to ␤-ketoadipyl CoA are within regions that comprise approximately 5 and 20% of their respective chromosomes. In contrast, in the fungus Aspergillus nidulans, the pca genes are dispersed over three chromosomes (24) .
There are a number of hypotheses to account for supraoperons. Multioperonal grouping of genes may reflect their acquisition by horizontal transfer (19) , as well as their evolution in concert by sequence exchange (29) . In addition, a supraoperonic cluster may have functional significance. This case has been made for the genes for photosynthetic pigments and pigment-binding proteins in Rhodobacter capsulatus (55) . In this system, all of the structural genes are transcribed in the same direction and the separate operons are cotranscribable. Given the impossibility of cotranscription of pcaIJ and pcaD-CHGB in A. tumefaciens, there is no obvious functional significance for the supraoperonal arrangement. In addition, in P. putida, the pcaIJ genes and the pcaBDC genes are at two extremes of the pca region of the chromosome (19) . The fact that this organism has doubling times on p-hydroxybenzoate and shikimate that are 2.5 and 5 times faster than the respective doubling times of A. tumefaciens underlines the apparent selective neutrality of the linear dispersal of the pcaIJ genes from the other pca genes.
Detailed analysis of bacterial pca gene organization has been reported only for closely related bacteria belonging to the gamma subdivision of proteobacteria. This detailed pca genetic analysis of A. tumefaciens is the first view of more evolutionarily distant bacteria. It is now clear that supraoperonic clustering is a feature of pca gene organization in bacteria of the alpha subdivision as well. The results with A. tumefaciens lend further credence to the suggestion that the ␤-ketoadipate pathway evolved by lateral transmission of a functionally related group of genes (50) , and in this organism, the pca genes have undergone minimal dispersal in the genome.
